Introduction-Polyfluoroalkyl chemicals (PFCs) are commercially synthesized chemicals used in consumer products. Exposure to certain PFCs is widespread, and some PFCs may act as endocrine disruptors. We used data from the Avon Longitudinal Study of Parents and Children (ALSPAC) in the United Kingdom to conduct a nested case-control study examining the association between age at menarche, and exposure to PFCs during pregnancy.
Introduction
Puberty is a critical time of growth and development. Timing and pattern of developmental milestones yield information on overall health status, past exposures, and may predict future health out-comes. (Biro et al., 2001; Golub et al., 2008) Age at menarche has decreased from the late 19th century to present, (Wyshak and Frisch, 1982; Zacharias, 1969) and a secular trend towards earlier development of secondary sexual characteristics has been reported among girls in the United Kingdom. (Rubin et al., 2009 ) While improvements in nutritional status may be responsible in part, exposure to environmental chemicals may also contribute to altered timing and patterns of pubertal development.
Polyfluoroalkyl chemicals (PFCs) are a class of commercially synthesized chemicals, used as surfactants, surface coatings, and in other applications to decrease staining and sticking. The manufacture of PFCs began in the 1950's, and although there are many different PFCs, the two most studied compounds are perfluorooctanoate (PFOA; also known as C8) and perfluorooctane sulfonate (PFOS). Exposure to PFCs can occur through inhalation, ingestion, and dermal absorption; in addition, PFCs are able to cross the placental barrier in both humans (Inoue et al., 2004) and animals, (Lau et al., 2003; Thibodeaux et al., 2003) leading to potential fetal exposure. PFCs act by a variety of mechanisms including alteration of endogenous hormone production, Biegel et al., 1995; Bookstaff et al., 1990; Cook et al., 1992; Liu et al., 1996; Austin et al., 2003) mammary gland development, (Wolf et al., 2007) and expression of estrogen responsive genes, (Du et al., 2009; Liu et al., 2007; Tilton et al., 2008; Wei et al., 2007; Wei et al., 2008) each of which could impact timing and progression of pubertal development, and reproductive function. However, there have been no studies published which investigate the association between PFC exposure and age at menarche. We used data from a prospective cohort study conducted in the United Kingdom to perform a nested case-control study examining the association between age at menarche and gestational exposure to PFCs.
Materials and methods
The Avon Longitudinal Study of Parents and Children (ALSPAC) is a prospective cohort study of approximately 14,000 pregnant women residing in Avon (UK) who had an expected delivery date between April 1, 1991 and December 31, 1992 .(Golding et al., 2001 Information has been collected on these women and their offspring through interviews, mailed questionnaires, and clinic visits; details on recruitment and study methods have been described elsewhere. (Golding et al., 2001; 22,) A 'Growing and Changing' questionnaire was developed to collect information on the offspring's pubertal development and distributed to participants at the ages of 8, 9, 10, 11, and 13 years (1999-2004) . (Rubin et al., 2009) Menarche was determined via self-report of menarche status and, if appropriate, age at menarche. From the original base of 14,610 live births, case and control series were selected from singleton (n=11,820) female subjects (n=5756) who had completed at least two puberty staging questionnaires (including self-assessed Tanner stage of pubic hair and breast development, and reported age at menarche) between the ages of 8 and 13 (5 possible questionnaires returned; n=3682; Fig. 1 ). Girls meeting eligibility criteria were ordered according to reported age at menarche, at the time the 13 year old data became available. A cut-off of 11.5 years was established as defining 'earlier' menarche. Eligible case subjects could complete any 2 questionnaires in the series provided one was completed after menarche, while for control subjects the 13-year questionnaire had to be completed in order to ascertain that menarche had not occurred by our cut-off of 11.5 years. Of girls reporting menarche before the age of 11.5 (n=338), 71% (n=240) of these had at least one prenatal maternal serum sample available, and were considered potential cases. Among girls who reported menarche at or after the age of 11.5, a random sample of 394 was chosen; of these, 71.6% (n=282) had at least one maternal serum sample available, and were considered potential controls. After evaluating the integrity of the maternal serum samples, 90.8% (n=218) of potential cases and 81.6% (n=230) of potential controls had analyzable samples. Serum samples were collected from mothers during pregnancy; because serum concentrations of PFCs are relatively stable throughout pregnancy, (Fei et al., 2007) the earliest available serum sample was chosen in the event that multiple samples were available. These analyses were designed to detect an odds ratio of 1.7 or greater with a power of 0.80 (based on 225 cases and 225 controls).
The following PFCs were included in these analyses: perfluor-ooctane sulfonamide (PFOSA); 2-(N-ethyl-perfluorooctane sulfona-mido) acetate (Et-PFOSA-AcOH); 2-(Nmethyl-perfluorooctane sulfonamido) acetate (Me-PFOSA-AcOH); PFOS; PFOA; perfluorohex-ane sulfonate (PFHxS); perfluorononanoate (PFNA); and perfluor-odecanoate (PFDeA). Maternal serum samples were collected from storage facilities at the University of Bristol, and sent to the National Center for Environmental Health at the Centers for Disease Control and Prevention (CDC) in Atlanta, GA, where they were analyzed by on-line solidphase extraction coupled to isotope dilution high-performance liquid chromatographytandem mass spectrometry. (Kuklenyik et al., 2005) For analytes which were detectable in at least 30% of samples, values below the limit of detection (LOD) were replaced with √LOD/2. For analytes detectable in fewer than 30% of samples, no substitution was made for values below the LOD (value set to missing). PFCs concentrations were assessed both individually, and in summation. The following categories were used to group PFCs, based on chemical classes: sulfonamides (PFOSA), sulfonamide esters (Et-PFOSA-AcOH, Me-PFOSA-AcOH), sulfonates (PFOS, PFHxS), and carboxylates (PFDeA, PFNA, PFOA). As with many environmental exposures, distribution of the PFC concentrations was skewed, and a natural log transformation was used to approximate normality in continuous analyses. In addition, each PFC concentration was treated as a binary exposure, with values categorized as being either at or above the median of values among cases, or below the median.
Potential confounders were identified from the literature on characteristics associated with pubertal development. These included mother's pre-pregnancy BMI (<18. To assess the association between potential confounders and earlier age at menarche, logistic regression models were used, with an inclusion criterion of p ≤ 0.30. Next, association of potential confounders with total PFC concentration (after natural log transformation) was assessed by a linear model, again using a criterion of p ≤ 0.30. Those variables associated with both outcome (earlier age at menarche) and exposure (PFC concentration) using these guidelines were considered potential confounders, and included in multivariate logistic models to determine association of maternal PFC concentration with earlier age at menarche. Human subject protection was assessed and approved by the ALSPAC Law and Ethics Committee, the Local Research Ethics Committees, and CDC Institutional Review Board.
Results
In the ALSPAC cohort, girls were born to mothers who had relatively high education and social class (Table 1) . Cases were more likely to have mothers with an earlier age at menarche (32.5% reporting menarche between 8 and 11 years of age, compared to 15.2% of controls; p=0.0004). They were also more likely to have mothers who had an overweight or obese pre-pregnancy BMI (29.4% compared to 14.9% of controls; p=0.01), and less likely to have mothers in either the youngest or the oldest age groups at delivery (p=0.29). Cases were more likely to be the first born child (38.9% compared to 33.0% of controls; p=0.23).
Although there was little racial/ethnic diversity in the overall population, there were more non-white girls among the cases (5.7% compared to 1.4% of controls; p=0.03). At the time of selection, 51.3% of controls had achieved menarche (median age of 12.42 years); the median age at menarche among cases was 11.08 years. After adding the 14-year data, which had not been available at the time of subject selection, an additional 39 controls (14.2%) had achieved menarche.
PFOS and PFOA were found at the highest median concentrations of 19.8 ng/mL and 3.7 ng/mL, respectively (Table 2 ). All PFCs were detectable in most samples, with the exception of PFDeA, which was only detected in 2.7% of samples. The median total PFC concentration was 27.3 ng/mL, but this varied somewhat by maternal and child characteristics (Table 3) . There was an inverse relationship of total PFC concentration with birth order (p-value<0.0001), with the highest concentrations among first-time mothers (median of 30.8 ng/mL) and the lowest among women who had three or more children (median of 24.4 ng/mL). Also, white girls' mothers had higher total PFC concentrations compared to non-white girls' mothers (medians of 27.3 ng/mL and 23.4 ng/mL, respectively; p-value=0.03). However, due to the small number of non-white children, race/ ethnicity was not included in further analyses. Median total PFC concentrations was higher for older compared to younger mothers (median of 28.6 ng/mL for mothers aged 25-29 years, compared to 23.3 ng/mL for mothers aged <20 years; p-value =0.27), and among mothers with CSE or no education (24.7 ng/mL), compared to mothers with an A-level education (29.6 ng/mL, p-value=0.31). There was little variation in PFC concentrations by maternal age at menarche (p-value=0.40), pre-pregnancy BMI (p-value=0.46), or social class (p-value=0.92).
In the unadjusted analysis, there was no difference between cases and controls with respect to the mothers' total PFC concentrations, whether as a continuous or as a binary variable (Table 4 , Fig. 2 ). Only the mothers' total serum concentrations of carboxylates were associated with increased odds of earlier age at menarche of their offspring; mothers' serum concentrations of PFOSA, the sulfonamide esters and sulfonates were all associated with decreased odds of earlier age at menarche. In multivariate analysis, birth order and maternal age at delivery were included as potential confounders based on association with both outcome and PFC serum concentrations (Table 4) . Results were similar to the unadjusted analysis, with most effect measures attenuated by the inclusion of these covariates. However, the association of mothers' total sulfonates serum concentrations with their girls' age at menarche was accentuated in the multivariate model, with an OR=0.66 (95% CI: 0.40-1.08) when treated as a continuous, and an OR=0.74 (95% CI: 0.50-1.09) when treated as a binary outcome.
In sensitivity analyses, we adjusted for girl's race/ethnicity, and also estimated associations excluding girls of non-white race/ethnicity (n=15). These analyses did not substantially change the results found in the original multivariate models. As a second sensitivity analysis, exposure was redefined using the total PFC maternal concentration quartiles among cases; that is, girls born from mothers with serum concentrations during pregnancy at or above the 75th percentile were considered 'exposed' while girls born from mothers with serum concentrations at or below the 25th percentile were considered 'unexposed.' Again, this did not substantially alter the original results. The direction of association did switch from below to above the null for the sulfonates (adjusted OR=1.17, 95% CI: 0.67-2.04) and the odds ratio was increased for the carboxylates (adjusted OR=1.41, 95% CI: 0.76-2.62) using these more extreme cut-offs, but all of the confidence intervals included the null value of 1.0. In the case of the sulfonates, the change in the direction of association was due to a larger proportion of cases (57%) in the second quartile compared to quartiles 1 (43%), 3 (45.5%) and 4 (49%). In analyses of PFC maternal serum concentration, we chose as our cutoff the median among cases a priori, since this was the smaller group (compared to controls). However, we also performed the analyses using the median value among controls, and results were not substantially different (data not shown). Finally, the analysis was performed using ordinal logistic regression, where the girls' age at menarche was categorized as 8-10 years, 11-12 years, or ≥ 13 years. Using this ordinal outcome, all associations were in the direction of higher maternal PFC concentrations associated with later age at menarche of the girls, although again all the confidence intervals included the null.
Discussion
We used data from the ALSPAC cohort to explore the association between gestational PFC exposure and age at menarche. Although study participants had nearly ubiquitous exposure to all PFCs except PFDeA, gestational PFC exposure as estimated from the pregnant women's PFCs serum concentrations, did not appear to be associated with age at menarche. The strongest effect was seen for the sulfonates, which were associated with reduced odds of earlier age at menarche (i.e. higher maternal serum concentrations of sulfonates were associated with the girls' later age at menarche). The direction of effect did depend on the class of PFC examined, with differing results seen for the sulfonates compared to PFOSA, sulfonamido esters, and carboxylates. This may be due to differences in the mechanism of action resulting from the physicochemical properties of the PFCs studied, or may be due to chance given the low level of effect. At the 2009 annual meeting for the International Society for Environmental Epidemiology, Pinney et al reported that among US girls, there was an association between serum PFOA and probability of being in breast stage 2 or higher. (Pinney et al., 2009 ) In our cohort, there was a modest, non-significant association between odds of earlier menarche and mother's PFOA above the median; it is possible that PFOA may affect both secondary sexual characteristic development and menarche through direct or indirect action on the hypothalamic pituitary gonadal axis. One possibility is that PFOA alters circulating hormone levels; PFOA exposure has been shown to increase serum estradiol in rats, (Liu et al., 1996; Biegel et al., 2001) but there is as yet little evidence for such an effect in humans, aside from a report of modestly increased estradiol among male workers with high occupational exposure. (Olsen et al., 1998) There was also variability for certain compounds depending on how 'earlier' menarche was defined. In the binary outcome model, higher maternal carboxylate concentrations were associated with earlier age at menarche, while in the ordinal outcome model, higher carboxylate levels were associated with later age at menarche. Although neither effect measure was statistically significant, the nature of the relationship between PFC exposure and pubertal development warrants further research. Serum concentrations of PFCs during 1991-1992 among mothers of girls participating in the ALSPAC were similar to or slightly lower compared to other studies. (Houde et al., 2006) A Danish study of pregnant women participating in the Danish National Birth Cohort from March 1996 to November 2002 reported mean PFOS serum concentrations of 35.3 (+/−13.0) ng/mL during the first trimester, and mean PFOA concentrations of 5.6 (+/−2.5) ng/mL. (Fei et al., 2007) Among female participants in the 2003-2004 National Health and Nutrition and Examination Survey (NHANES; a nationally representative sample of the general US population) aged 12 years and over, the geometric mean serum concentration of PFOS was 18.4 μg/L, and was higher for the older age groups, and for non-Hispanic white and black participants compared to Mexican American participants. (Calafat et al., 2007) Serum concentrations of PFOA were lower compared to PFOS (geometric mean of 3.5 μg/L), and there was less variability by age. However, serum concentrations were still higher among non-Hispanic whites compared to non-Hispanic blacks and Mexican-Americans. The composition of the ALSPAC cohort limited our ability to compare PFC exposure by race, but similarly to the United States findings, white girls had a higher serum concentration of PFCs compared to non-white girls. Variation was also seen by socio-economic indicators, maternal pre-pregnancy BMI and age at delivery, and birth order. Specifically, PFC concentrations during pregnancy were higher for older moms, and who were giving birth to their first-born child. These differences may reflect decreasing exposure to PFCs over time, as well as decreased maternal body burden with successive pregnancies.
To our knowledge, this is the first published study to examine the association between PFC exposure in utero, and age at menarche. Although we did not find a significant relationship in this cohort, there is biological plausibility for such an association. Exposures during pregnancy are extremely relevant to pubertal development, since this represents the period of organ and brain development, including the brain, endocrine system and reproductive tract. Further, the fetus is more susceptible to such exposures due to smaller size, lack of a complete blood-brain barrier, and absence of metabolizing enzymes. Based on evidence from animal studies, the mechanisms of action for PFCs may be particularly relevant for in utero exposure. PFCs may alter the expression of estrogen-responsive genes, (Du et al., 2009; Liu et al., 2007; Tilton et al., 2008; Wei et al., 2007; Wei et al., 2008) as well as decreasing serum testosterone and increasing serum estradiol. Biegel et al., 1995; Bookstaff et al., 1990; Cook et al., 1992; Liu et al., 1996) Studies in mice and rats have also shown that PFOA exposure causes stunted mammary epithelial branching and growth, (Wolf et al., 2007) and increased incidence of mammary fibroadenomas. (Sibinski, 1987) Less directly, PFCs may disrupt fatty acid metabolism and thyroid hormone production. 32,) Human studies have shown that an undernourished fetal environment can affect the development of the reproductive axis, (Rhind et al., 2001 ) as well as impact future risk of developing cardiovascular disease, diabetes, stroke, and obesity. (Remacle et al., 2004; Barker, 1997) This has implications for pubertal development, as overweight and obese girls experience accelerated puberty compared to their peers, (Biro et al., 2006a; Biro et al., 2003; Wang, 2002) possibly due to increased estrogenic compounds by adipose tissue.
Limitations of this study include a single measurement of PFC exposure, lack of complete information on age at menarche among controls, and some missing information on covariates. Although we only measured PFC exposure in utero at a single time point, the estimated half-lives for some PFCs are on the order of several years; (Andersen et al., 2008; Olsen et al., 2009 ) thus our measurements should represent maternal PFC body burden throughout gestation. It is possible that the cases and controls selected were not representative of the cohort. When comparing female study participants who returned at least two Growing and Changing questionnaire, to those who did not return any questionnaires, (parents of) non-respondents tended to be of somewhat lower educational attainment (86.8% of respondents had CSE or higher, compared to 72.1% of nonrespondents) and social class (8.6% of respondents in the lower social class, compared to 16.4% of non-respondents). In addition, mothers of respondents were generally older at time of index birth (85.1% aged 25 or older) compared to non-respondents (69.9% aged 25 or older). Finally, non-respondents were more likely to be of non-white race/ethnicity (6.4% compared to 3.8% of respondents). This could have affected our findings since socio-economic status is related to age at menarche; (Braithwaite et al., 2009 ) however, there is no evidence that these demographic characteristics are associated with PFC serum concentrations. Although race/ethnicity is also related to age at menarche (Biro et al., 2006b; Freedman et al., 2002; Wu et al., 2002; Britton et al., 2004; McDowell et al., 2007) and was associated with maternal PFC serum concentrations in this study, we were not able to more closely examine the effect of race/ethnicity due to the small number of non-white girls. Finally, due to a relatively small sample size, the study may have been underpowered to detect an association between gestational PFC exposure and age at menarche. Strengths of this study are the inclusion of multiple PFC biomarkers, inclusion of information on important maternal and child characteristics, and the representative nature of the cohort.
Conclusions
We compared exposure to PFCs during pregnancy among mothers of girls who did and did not have earlier age at menarche in the ALSPAC cohort. PFC serum concentration, both total and for individual compounds, varied by maternal characteristics. However, gestational PFC exposure during pregnancy did not appear to be associated with age at menarche in this cohort. Median and quartiles of maternal PFC serum concentration for cases and controls. Table 1 Characteristics of study population. Information was missing for some girls, including information on mother's education (n=19, 4.2%), mother's social class (n=85, 18.9%), mother's age at menarche (n=56, 12.5%), mother's pre-pregnancy BMI (n=46, 10.3%), mother's age at delivery (n=3, 0.7%), girl's birth order (n=19, 4.2%), and girl's race/ethnicity (n=20, 4.5%). b
Compared using logistic regression.
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Table 2
Gestational serum concentrations among mothers of girls with and without earlier age at menarche. Regression analysis association between maternal PFC serum concentrations and earlier age at menarche, unadjusted and controlling for birth order and maternal age at delivery. Continuous represents natural log transformed values (values below the LOD are substituted with √LOD/2), while binary represents at or above the median value among cases, versus below the median value among cases. PFDeA is not included in the summed value if it was below the LOD.
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